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The :;;;;EfTbn ¢ is insensitive to imaginary index k for 0001 E_k 5_0-025 pro-
viding 0.01 < r_ /1 < 02, % 2_2.0 and X < 1+06um, while the ratio of the ex-

tinction at real index 1.8 compared to the value at n = 1.33 varies by up to a
factor of about 4.0 for identical parameters. Extinction becomes nearly inde-
pendent of both real index n and imaginary index k for rg/x <02, %4 3 1.5,

which represents most measured atmospheric size distributions for 0-001 <kz<
2°0 and 14 < n < 2+5 providing 0<55um x < 1<06um, The absorption op is insen-

sitive to n for 001 < r /A < 10, while op varies linearly with k providing

0-001 < k < 0-01, r/A<0-5and 0g < 2:0.

6

s 3+8 and 10+6 micrometers, for a range of
+0 and

nd a range of real index n from 0.1 up to

Absorption is indenendent (within a factor of approximately 3) of rg for r /A

0-75 with k < 005 which represents a reasonably wide range of realistic atmo-
spheric values. The extinction og decreases as 1/rg for rg/x 3 0.5 and 3 0,25

for the spectral ranges 0.55um < A < 1.06um and 3.8um < % < 10.6um, respectively,
for k < 0.5.

The real index n significantly affects op and o, for 3-8um < A < 10+6um and ex-

tinction is mainly dependent on n over a wide range of rq and O The extinc-

tion 9 is well approximated by OF = Opax €XP {- %- [l$ilgﬁﬁﬂl] 2} where

Smax is the extinction at n = nq, and % is the geometric deviation of o
with reference to n. '

Extinction is invariant to k for 0001 < k < 8.0 for broad realistic atmospheric
distributions in the wavelength range 3+ 8um to 10.6um. Extinction is more sen-
sitive to changes in real index than to imaginary index (up to a factor of about
3) for the majority of atmospheric particle size distributions in the same wave-
length range.

The particle size distribution is of major importance in affecting of and )

and has greatest influence for k < 0.1, Extinction is constant for r_/x < 0-15
for k = 0.5, for 3:8um < A < 10-6um. The distribution spread % does not ap-
preciably influence the extinction or absorption for realistic values of r

> 025um and 0-005um, respectively.
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PREFACE

This study was undertaken to answer Army problems associated with
electromagnetic propagation and electro-optic sensor systems. The re-
sults of this study apply directly to the atmospheric aerosol measure-
ments program and to research associated with the determination of the
optical constants of atmospheric particulate matter. The study supplies
answers to such questions as which optical quantities should be measured
and how accurately they should be determined for several important
wavelengths. It also gives insight to the applicability of experimental

techniques used to determine the imaginary refractive index of particulates.

The Mie Scattering Computer Code, developed by Gerry W, Grams, N.C.A.R.,
Boulder, was made available by R. G. Pinnick. Much appreciated help was
given by Don Hoihjelle and Gilbert Fernandez in the initial stages of
the computer programming work. Gratitude is accorded to Ken Webb for
diligent work 1n reducing the computer data to graphical form. Thanks

are extended to J. Lentz and K. 0. White for constructive suggestions.
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MIE THEORY SENSITIVITY STUDIES
THE EFFECTS OF AEROSOL COMPLEX REFRACTIVE INDEX AND SIZE DIS-
TRIBUTION VARIATIONS ON EXTINCTION AND ABSORPTION COEFFICIENTS
PART II: ANALYSIS OF THE COMPUTATIONAL RESULTS

INTRODUCTION
The importance of the effects of atmospheric aerosols on the operation
of electro-optical devices has increased considerably during recent
years. In addition, aerosols affect radiative transfer balance in the
atmosphere and hence climate. An important contribution to the heat
budget of the atmosphere is attributed to absorbed radiation by polydis-

persions of aerosols.

The usual procedure for estimating these effects is to assume that the
aerosol is composed of homogeneous spherical particles and use Mie
theory [1] to calculate the scattering parameters for radiation attenua-

tion, discernibility of targets, etc. The input parameters required for

Mie calculations are (1) particle size distribution, (2) particle number
density, and (3) particle refractive index as a function of radiation wave-
length. Since aerosol size distribution and refractive index are in prac-
tice difficult quantities to measure, a theoretical study to assess the
relative importance of these quantities in radiation calculations is imper-
ative., In this report the authors investigate the effects of particle

size distribution and real and imaginary parts of the refractive index on
volume extinction and absorption coefficients for families of size distri-

butions and ranges of refractive index that are reasonable for aerosols

in the atmosphere. This theoretical sensitivity study has been performed

’ %w-m: e




for selected wavelengths from the visible (0.55um) to the middle-infrared
(10.6um). Effects of polydispersions of aerosol containing particles of
mixed composition and irregular particles have not been addressed.

COMPUTATIONAL DETAILS
A generalized Mie code developed by G. W. Grams of the National Centre
for Atmospheric Research was used. The Mie theoretical formalisms have
already been described by several workers [2-4] and will not be further
discussed here. The program was verified with a MIE-2 program of Blattner
[5] and with that of Grams [6] using a different computer. The results
of the calculations are presented in the form of volume extinction coef-
ficient o (km=1), volume scattering coefficient ag (km=1) and volume ab-
sorption coefficient o, (km=1) where, for example, op is given by

T2

op = [ T r% Qg (x,m) n(r)dr, (1)

T
1

where n (r) is the particle differential size distribution, Qqgyt is the
efficiency factor for extinction and is a function of the particle com-
plex index of refraction m and the size parameter 2xr/A. Here, the
complex index of refraction m = n - ik, where n is the real part of the
refractive index and k the imaginary (absorptive) part. The particle
radius and radtation wavelength are denoted by r and A, respectively.
A1l computations are performed with the number of particles per loga-
rithmic radius internal, dn/d In r given by

2
N 1 e (-1 'ln(r/rg)] } (2)
dinr \/'zimog 2 'Inog
rg and % are defined as the geometric mean radius and geometric stan-

dard deviation, where N is the total number of particles per unit volume.
5




A lognormal distribution was chosen to represent the particle size

distribution for several reasons:

1. It represents desert-type aerosols adequately [7].

2. It also represents urban-particle size measurements [8].

3. Davies [9] has shown that particle size distributions can be
well represented by combinations of lognormally distributed values of

particle size.

Calculations have been made over a wide range of geometric mean
radii, rgs from 0-005um up to 10-Oum and geometric standard deviation,
ogs from 1-0 up to 2-5. The results have been normalized arbitrarily
to a total particle mass of 100ug m~3 with a uniform particle density
of 2.5 g cm~3, consistent with measurements of maritime and dry urban
aerosols by Hanel [10].

APPROXIMATION FOR THE REGIMES r/x << 13 [mx| < 1, v/x >> 1

Regime r/x << 1, |mx| <1

This is the regime for particles small compared to the wavelength and
for small phase shifts. A small phase shift implies that the phase
difference between the incident and scattered radiation fields is small.
van de Hulst [2] has shown that the efficiency factor of absorption, Qp,
can be expressed as the series expansion

m2-1) + 4 3(m2-1>2 m‘*+27m2+38]
2 - — X —_—) — T, (3
Qp = - Imag [4x(m2 ¥ 2 15 \m2+2 omZ + 3 (3)

and Qg, the efficiency factor for scattering can be written as

Ly m2-1 2
Qs=x°8/3Rem—2- s (4)
where x = 2nr/x and m = n - k.
6




For the small particle and phase shift 1imit, (r<< 1), |mx|< 1, Eq. (3)

becomes
. m2 -1
Qext -4 le(m2+2)- (5)
This can be written as
Q = g;_;; . 24 nk . (6)

(n2 - k2 + 2)2 + (2nk)?

The absorption coefficient, Tys for a particle of radius r can be written

as

oy = 2 Qp- (7)
Therefore, the absorption per unit mass in Eq. (7) can be written as

= O W‘Z . Q 3 QA’ (8)

A= a/3ei, A= %r

where o is the particle density.

Therefore, the absorption coefficient per unit mass, oy, for small

particles and small phase shifts can be written as

3__2n __28 nk : (9)

g = ’

A 4, 2 (n2 - k2 +2)2 + (2nk)?

Varifous relationships between ) and the optical constants n and k are
now established below for r/x << 1, |mx| << 1. The absorption, aps Can

be represented by the expression

nk
OA constant ( 2 2 )2 ( )2 ( )

where it is assumed that n and k are invariant with wavelength A.

K . _n n
4+4ky 4+ an ()

1. n=k: Then o becomes Op =

7
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2. n> k. op = constant — bk s (12)

(n2 + 2)2

or proportional to k for a fixed value of n, and proportional to

S | E— (13)
(nz + 2)2

for a fixed value of k.
nk

-7 )

3. k > n. op = constant -

Therefore, op is proportional to n for constant k and 9 is proportional

to

—k (15)
k* ~ 2k% + 4

for a fixed value of n.

Geometrical Optics Approximation, r >> X

It is known by physical argument, for example the work of van de Hulst
(2] and Chylek [11], that the 1imit of the extinction efficiency is

2 for r >> X, Therefore the volume extinction coefficient for a distri-
bution n (r) is twice the geometrical cross-sectional area of the poly-
dispersion of particles, with the assumption that all of the particles
in the distribution satisfy the r/* >> 1 condition. This approximation
is discussed further in the appendix.

COMPLEX REFRACTIVE INDEX FOR SEVERAL
ATMOSPHERIC AEROSOL CONSTITUENTS

Atmospheric aerosols normally contain a number of constituents; the
dominant one (from the point of view of radiation transfer) generally

varfes with location. Because of the nonlinearity of Mie theory, no

single set of optical constants can adequately characterize the aerosol.

8




For this reason, more information is required of the constituents of
natural aerosols. Mixtures of particle types are probably prevalent,
which renders the determination of the refractive index of the mixture
difficult and probably ambiguous. Nevertheless, knowledg= of a reason-
ably wide range of the more commonly found atmospheric constituents is
available. Table 1 gives a range of minimum and maximum values of both
the real and imaginary part of the complex irdex of refraction for
ammonium sulfate, sodium chloride, water, quartz (crystalline form),
sulfuric acid solutions, ammonium sulfate solutions, carbon, and atmos-

pheric dust over relatively narrow wavelength ranges. ioon and Pollack

[12] have given a comprehensive set of values of ammonium sulfate (cry-

stalline form), and Table 1 shows their extreme values for the three
wavelength bands 0-5um to 1:0um, 3-Oum to 5-0um, and 9:0um to 11.0um.
Values of the indices for ammonium sulfate solutions have been taken
from the work of Downing et al. [13]. Their extrapolation of the

number densities of the ions present in crystalline ammonium sulfate

gives good agreement with the values of Toon et al. [12].

Toon et al. [12] have presented the refractive indices for crystalline
NaCl. Table 1 shows the extreme values for the three wavelength ranges.
Querry et al. [14] have recently published refractive index values of
aqueous solutions of NaCl (0-25 M and 0-5 M) which closely correspond to

values of solutions found in the oceans.

The index values of bulk crystalline quartz (a constituent of desert
aerosols) are taken from Spitzer and Kleinman [16] and possess
extreme values of n and k from 0-1 up to 7-5 and from 0-015 up to 7-5

9




in the wavelength region from 9um to 1lum. Since crystalline quart:z

is birefringent, calculations for the ordinary and extraordinary rays

are weighted 2 to 1 following the procedure of Peterson and Weinman [17].

] ! Palmer and Williams [18] give the optical constants of sulfuric acid
solutions (which are found in the stratosphere and troposphere) for
solution concentrations of 25, 38, 50, 75, 84.5, and 95 percent. Table

1 shows the values for solution concentrations of 25, 50, and 75 percent

for the three wavelength ranges.

Carbon is a common constituent in the atmosphere which constitutes about
E - 0-5 to 1-5 percent of the aerosol in desert-type aerosols and may

approach up to 10 to 15 percent of the aerosol mass in urban industrial

é areas. A range of values for the refractive index values for carbon[19, 20]
taken from the summarized values of Twitty and Weinman [21] are shown in

the table.

The optical constants of montmorillonite have been determined by Toon et
s al. [25] who used both Kramers-Kronig and dispersion techniques over a
wavelength range from 5um to 40um, Their extreme values are shown in

5 Table 1. There is a relatively wide variation in the values of the

optical constants in the 9um to 1lum range.

The complex index of refraction of atmospheric dust can be determined by

) a number of methods, and Fischer [26, 27], Lindberg and Laude [28],

f Hanel [10], Herman et al. [29], Grams et al. [30], Patterson et al.
[31], and others have reported measurements. Some selected values are

given in Table 2.

10
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Few values of imaginary index of refraction exist for the wavelength
ranges 3um to 5um and 9um to 1lum. Fischer [27] has derived values of
the mass absorption index k/p in these ranges, but values of the aerosol

particle density must be assumed.

Few measurements are available for the real index of refraction for
atmospheric dust in the middle infrared regime. Soil-derived aerosols
are composed of a majority of clay minerals as shown by Hoidale and
Blanco [32]. The refractive indices of these clay minerals in the 3um

to 5um and 9um to 11um range are unknown.

A summary from Tables 1 and 2 of the range of complex refractive index
values over these wavelength ranges of 0-55um to 1:06um, 3<Oum to 5°Oum,
and 9-0um to 11-0um is shown in Table 3. The extreme values for the 9-0um
to 11-0um wavelength range are due to quartz, while the upper values in
the two remaining wavelength bands are due to carbon.

PARTICLE SIZE DISTRIBUTION PARAMETERS FOR
MEASURED POLYDISPERSIONS OF AEROSOLS

Lognormal parameters for measured distributions of urban, maritime,
continental, desert aerosols, and fog are shown in Table 4. Most of the
distributions possess values of geometric mean radius and standard geo-
metric deviation between about 0-1um to 5-0um and from about 1-5um to
2-5um, respectively. For lognormal components with rg << 0+lum, the
contribution of the distributions to extinction can usually be regarded
as negligible because of their minimal mass loading. The role of sub-
micrometer particles on the scattering parameters will be discussed

later in the report.

n
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COMPUTATIONAL RESULTS

The computational results are presented in tabulated form by Jennings
[32]. These tabulated results of volume extinction coefficient
Op» are now analyzed in the form of graphical plots and tables,
For the sake of brevity, only a relatively small cross-section of the
results is presented. However, the results in this cross section are
representative. The results are divided into two main categories:

Wavelength range 0-55um to 1-06um

Wavelength range 3-8um to 10-6unm

Wavelength Range 0.55um to 1:06um

Volume Extinction Coefficient and Volume Absorption Coefficient

as a Function of Real Index of Refraction. Values of volume extinction

and volume absorption coefficients for a particle mass loading of

100ug m~3 are shown in Figures 1 and 2 for A = 0<55um, and in Figure 3
for A = 1-06um. The real index of refraction n ranges from 1-0 toc 2-5
for the imaginary index k = 0-01. Table 5 gives the range of geometric
mean radius 'y and geometric standard deviation 9 used in the above
figures.

The following conclusions are drawn from the results:

1. The ratio of op(n = 18)/o (n = 1.33) for rg/x < 002 and og <
1+5 1s reduced to about 0-75 as shown in Table 6. The maximum value of
op (n =1-8)/0 (n = 1-33) is about 5-0 for the larger rg/A values. Also
shown are values of the ratio og (ny)/og (n;), where n{, n, decrease with
increasing values of imaginary index k for the same size distribution.

2. The extinction coefficient, of, becomes almost independent of
the real index n over the range 1.3 < n < 2.5 for values of rg/A > 0.5

12
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(see Figures 2 and 3). The dependence of o on n becomes less for in-

creasing values of o, because the large sphere approximation (r >> 1)

g
now prevails where O becomes independent of the optical constants n

and k and solely dependent on the integrated cross-sectional area of
the particies in the distribution.

3. Equations (3) and (4) show that the extinction is equal to the
absorption for the condition r/x < 0.1, and for |mx| < 1. However, this
is no longer true as the spread (og) of the distribution increases as
is evident from Figures 1 and 2 for og = 2.5 and Figures 1 and 3 for

values of o = 1.5, 2.0, and 2.5.

g
4, The volume absorption coefficient is relatively insensitive to

variations in the real index, n, and independent of Og over the r, range

g
from 0.005 up to 5.0um as illustrated in Figures 1 to 3. According to
Eq. (13), the absorption o4 decreases slowly with increasing n, i.e.,

n/(n® + 2)% for n >> k in the small particle regime, for uniform

sized particles. An increase in og causes the absorption to increase

slowly with increasing n (Figures 1 and 3). The absorption becomes

independent of n for rg/A i 2.0.

Volume Extinction Coefficient and Volume Absorption Coefficient

as a Function of Imaginary Index of Refraction for 0.55um < X < 1,06um.

The extinction is nearly equal to the absorption for steeper size distri-
butions for which rglx < 0+1 (Figures 4 and 6) for constant values of n.
However, the extinction becomes constant with imaginary index k for
increasing values of rg and og (Figures 4, 5, and 6). This finding is

summarized in Table 7 where the range of imaginary index k over which

13
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the extinction is nearly constant is tabulated for a wide range of rg/x
and % values. The extinction is insensitive to k for rg/A i 0-2. This
result corroborates the findings of Patterson et al. [38] that a

variation in k from 0 to 0.05 had neqligible effect on the comparison

.....

The absorption coefficient varies linearlv with k for geometric mean

radii rq E_D.]um, irrespective of dq for aq < 2.5. This is in agreement

with the small particle approximation [Eq. (12)]. More qenerally,
maximum values of k for which linearity of op With k (within +20 per-
cent) ceases for A = 0.55um and 1.06um, are shown in Tables 8 and 9 for
appropriate rq and % values. The linearity of op with k ceases for
increasing rg/k and 9 values.

The dependence of absorption cn k (Figures 4, 5, and 6) is characterized
by a steady increase in absorption with increasing k, then a plateau
where absorption is constant, followed by a decrease in absorption for
increasing values of k. The absorption becomes constant for k > k., and
values of k. are tabulated in Tables 10 and 11 for realistic values of
rq and 9 for A = 0-55um and 1-0€um. The absorption becomes insensitive
for k values between 0-025 and 0+05 for most particle size distributions

in this wavelength reaime.

The Dependence of Extinction Coefficient and Absorption Coefficient

on Particle Size for 0.55um < A < 1,06um. Bergstrom [39] discussed the

extinction and absorption coefficients of the atmospheric aerosol as a

function of particle size for uniform particles and for a narrow range

14




of power low and lognormal distributions. He used a relatively narrow

range of optical constants.

p and °g are presented in Figures 7

and 8, for real indices of 1.6, 1.7, and a number of imaginary index

Plots of 9 and op 35 @ function of r

values for wavelengths 0.55um and 1.06um,

The absorption per unit mass is nearly independent of geometric mean
radius (within a factor of 3) for rglk_g 0.75 and k < 0.05 in agreement
with Waggoner et al. [35]. The implications of a constant response of
absorption to particle size for certain conditions will be discussed in
a subsequent report [36]. For r/» << 1, Eq. (9) predicts a constant

value of absorption coefficient for fixed values of n, k, and 1.

The absorption per unit mass, decreases as l/rg for rg/k > 7 fork =

(o)
A’
0-01 and rg/A > 02 with k = 0*5. This can be seen from the following
considerations: The volume absorption coefficient opgs can be written
for a polydispersion of particles as:

rp »
opgs = ) Tre Qpgs n(r) dr, (16)
r
1
where Qpgs is the efficiency factor for absorption. This can be re-

written as
r
ms “¥Z ° o, ry YABS T EXP 4D ——ﬂ—m .
< g
since
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N

- 1
n(r) = 7211 n og r

for a lognormal distribution.

2
o L

Plass [42] has shown that Qags becomes constant for r/x > 1 for
k > 0.1, and probably for k > 0.05. Therefore, the expression for
op reduces to the form

r

2

2

opgs = constant S r exp ;- 1 [M] z dr (19)
r 2 1 inog

The above integral has an identical form to the expression for the total
cross-sectional area of a lognormal distribution., Information in the
appendix shows that the cross-sectional area per unit volume for a log-

normal distribution is proportional to 1/rg for constant o Therefore,

g
the absorption per unit mass, Og, is proportional to 1/rg under the
above conditions. The l/rg relation is valid at increasing values of
rg/A as k is reduced below 0.05, as is evident from Figures 7 and 8.

This corroborates the finding [37] that the efficiency factor for absorp-

tion is constant for decreasing k and increasing r/x.

The extinction coefficient per unit mass, o> is sensitive to rg,

Og, and k as shown in Figures 7 and 8. The extinction e rises steeply

with r,, for a given Og> peaks and falls as l/rg for rg/x >1.0. The

g’
I/rg falloff for rg/x >> 1 has been shown in the appendix.

The extinction increases with increasing og’, for rg/A < 0.5, while the

extinction decreases with increasing o, for rg/x > 0.5 and for k < 0.1.

g

Furthermore of is independent of r, and og within a factor of about 2

q
for rg/A < 0,25 (Figures 7 and 8) for k = 0.5,

16
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Wavelength Range 3.8 to 10.6 Micrometers .

Volume Extinction Coefficient as a Function of Real Index of Refrac-

tion n at 2 = 3.8:m. The real index of refraction has a significant ef-

fect on the volume extinction coefficient o and volume absorption coef-
ficient oy for radiation wavelengths 3.8um < X E_ 10.6xm. The dependence

and o, for constant k

of of and gp on n for a wide range of values of rg g

is shown in Figures 9 and 10.

The shape of the curves relating g to n can in many cases be approxi-

mated to a functional form

2
#n(n/ng) : (20)

n ¢

N |—

°t % %Emax ©€XP t' -

where op., represents the real value of extinction at n = ng and n is

the geometric standard deviation of the n values centered around ng-

Fitted points satisfying Eq. (20) are shown on Op versus n plots in
Figure 10 for A = 3.8um. Values of the parameters Ng» 9, which give a
good fit to the curves of dg versus n over most of the real index range

are shown in Table 12.

The relation between extinction and real index of refraction demon-
strates clearly from Figures 9 and 10 that: (a) real index n plays a
significant role in effecting extinction for a particular size distribu-
tion and (b) the particle size distribution is also of major importance
in determining the shape of the functional dependence of extinction on
real refractive index. The extinction increases with increasing n with

the exception of the regime rg/A < about 0015 when the extinction de-

17




creases according to Eq. (13).

Table 13 gives the range of imaginary index k for which the volume
extinction coefficient of is constant within about 15 percent, for
i A -~ 3-8um. It is noteworthy that for constant n (equal to 1-7 here),
o of is rela..vel, unchanged by variation in k for rg.z 0-25 and % > 1.5, ;
The extinction also remains invariant to values of k provided k < 0.05 :
for the radius range 0.05 §_rg < 0.25, for relatively broad (¢ > 2.0)
distributions. These results lead to the following conclusions:

1. The extinction per unit mass is predominantly dependent on the

real index n for values of k given in Table 13. This dependence of ¢ a

on n can be approximated closely by Eq. (20).
2. In the regime of k where °E is Tinearly proportional to k
. (values given in Table 11), g can be written as:
_ L ang)]2 (21)
og ck exp { 5 ['13_5;_——
where cok is equal to oppay. Hence c, is easily calculable for a spe-

cific k.

The increase in extinction at real index = n, compared to n = 1:4 (real
index of water at 3.8um = 1.364) is shown in Table 14 as a function of

rq and o, for k = 0°025. The maximum variation of og(n)/og(n = 1°4) is

g g
about 2 for rg < 0.05 and Og < 2+0, but possesses values up to 7 for rg i
0-1 with % > 1-5.

The range of k for which o s nearly linear with k at a selection of rg
' and o_ values 1s given in Table 15. The 1inearity of % with k only

g
18




prevails for the smaller particle range (< 0-lum).

Comment on the volume absorption coefficient as a function of k, al-
though plotted in Figure 11 for the sake of completeness, will be

deferred to a subsequent report [41].

Volume Extinction Coefficient as a Function of Real Index of Re-

fraction at A = 10.6um. Figures 12 to 14 show the effect of real index

of refraction n on extinction, IEs for a wide range of particle size
distribution parameters rg and °g' The range of particle distribution
parameters used in the above figures is shown in Table 16. The vari-
ation of extinction with n can be represented, for most combinations of

rq and Ogs by an equation similar to Eq. (21), i.e.,
op = a, exp [-b, 2n? (n/ng)] (22)

where a, is the maximum extinction value for a given extinction versus
real index curve and b, is equal to 1/2 - #n oﬁ where o is a measure

of the spread of the 9 values about the geometric mean Ng-

A set of points satisfying Eq. (22) is plotted along with rigorous Mie

results in Figures 15 and 16 for various values of r, and og-

g

The parameters of Eq. (22) which give a reasonably good fit to the Mie
results over most of the real refractive index range are given in Table

17.

Table 18 presents a summary of computations made of extinction for

real refractive index n, ranging between 1°2 and 35 compared to values

19




at n = 1:2 (real index of water at 10-6um = 1.185), over a wide range of

r. values. The ratio is sensitive to og for any given r_, except for

g g

rg < 0°01. Table 18 represents most combinations of typical parameters

of particle size distributions for atmospheric aerosols. The ratio of
o (n = 2:5)/0g (n = 1-2) attains a maximum value of 11-6 and decreases
to a value of about 2-0 at rq = 2+5um,
0-75um the extinction ratio increases with og up to og < 2.0 and

og = 2:0. In general, for

| A

"g

thereafter decreases with increasing og-

Volume Extinction Coefficient as a Function of Imaginary Index of

Refraction at » = 10-6um, The variation of 9 with k, for n = 1.8 is

shown in Figure 17 for » = 10.6um. The range of imaginary index

k for which of is nearly constant (to within +15 percent) is summarized
in Table 19. The extinction is nearly independent (within +15 percent)
of k, 0-001 < k < 0-1 for broad distributions with rg = 0-25um, O-5um.
Extinction is insensitive (to within +15 percent) to a wide variation
in k (0-001 < k < 8-0) for rg > 0+75um and og > 20. Since most at-
mospheric constituents have imaginary index k values within the above
range, it is concluded that at 10, 6um wavelength, extinction is rela-
tively independent of k for the broader particle size distributions
with geometric mean radii > 0-5um. Over the range of k for which op is
relatively constant, gg can be written solely in terms of real index n

according to Eq. (20).

Table 20 shows the range of k for which O is linear to within 15 per-
cent, with k, at A = 10-6um. The extinction is written in terms of Egq.

(21), analogous to the A = 3-8um case, for the relevant values of rg
20
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| and % shown in Table 16. Thus, the linearity of op with k exists for
| particle sizes less than about 0-25um for values of k typical of atmo-

| spheric particulates (from about 0-01 to about 0-5 at x = 10-6um). The

! effect of imaginary index on absorption at A = 10-6um will be discussed

Fo in a subsequent report [41] which will include a comment on the use of the
? pellet spectrophone technique [43] as a possible method to determine the
[

t imaginary index of atmospheric particulates.

Table 21 summarizes the relative sensitivity of volume extinction
coefficient o to changes in imaginary and real index of refraction.
The variation in extinction as real index is increased two-fold is com-

pared to the variation in extinction with imaginary index. It 1s evi-

dent that o s more sensitive to changes in n compared to changes in k

for the majority of 'y and o, values, particularly for values of rg i

g
0-25um, where extinction becomes insensitive to k. Most components of

.
4
A
;
-
\

measured atmospheric particle size distributions have rg and g values

ranging from about 0-1 to approximateiy 10um and from a minimum of about

1-25 to about 2-5, respectively, as seen from Table 4. Since typical

ST ST RUTERELTR I ELETRe o

values of imaginary index of atmospheric constituents range from about
0-1 - 0-5 at A = 10-6um (see Tables 1 and 2), it is concluded that the
real index causes a much larger increase (up to a factor of 3) in ex-

tinction than the imaginary index.

The Effect of Particle Size Distribution on Volume Extinction Coef-

ficient for » = 3-8um and 10-6um. The extinction o is plotted as

a function of geometric mean radius rg for og = 1-0, 1-5, and 2-0 for
@

A = 38um and 10-6um in Figures 18 and 19, respectively. The real

D b et e s S " 2 e S
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index was fixed at 1.8 for both wavelengths, while several realistic
values of the imaginary index were chosen. The results show that ex-
tinction remains insensitive to changes in rg up to about 0-1um for
og < 1-5, The optical important range shifts to a smaller size regime
with increasing 9 The extinction decreases as l/rg for rg/x > 025
with the exception of k = 0-5. The extinction per unit mass decreases
as 1/rg for rg/A >0-3 at k = 05 for A > 3-8Bum, This is in accordance

with the predictions of the appendix calculations.

It is also noteworthy that rg has the largest effect on 9 for the lower
values of k. Extinction remains constant (within a factor of about 2)

with increasing values of r_, up to 1-Oum for A = 3+8um and 10-6um for

g
k = 0°5. Since typical particle size distributions of atmospheric
aerosols which contribute significantly to extinction are in the range
of rg from about 0-lum up to about 1-Oum (Table 4), the results imply
that extinction is relatively independent of particle size distribution
for atmospheric aerosols with large values of imaginary index (~ 0:5 or

greater).

The dependence of volume absorption coefficient op on rg is discussed
fully in a subsequent report [361.

DEPENDENCE OF EXTINCTION COEFFICIENT AND ABSORPTION
COEFFICIENT ON WAVELENGTH AND STANDARD GEOMETRIC DEVIATION

The Effect of Wavelength » on Extinction and
Absorption Coefficients

The change in 9 and o4 as A is increased from 0-55um to 10-6um is shown
in Figure 20 for selected particle size distributions, for k = 0«01 and
n = 17, The absorption coefficient ®p varied as 1/A as predicted

22
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by Eq. (9) for rg/A < 0-05 and o < 1.5,

The extinction o becomes nearly constant with » for A < 3-8um for '

> 1.0uym and k = 0-01, irrespective of the g value. Some selected
values of extinction and absorption coefficients at » = 0-55um, 1-06um,

and 10-6um are given in Table 22 for a wide range of rg and % values.

The table shows that of decreases by 2 and 3 orders of magnitude as
A increases from 0-55um to 10:6um for rq up to about 0-5um. For rg
> 0+5um, increasing values of g diminish the relative decrease of both

o and 9% with A,

These Mie results can be approximated by a power lTaw between 9,

ops and A:
GA = C)\‘y (23)

where the exponent y initially increases from -1 to a maximum of about

-1.7 for 9 and thereafter decreases with increasing Og and rg. The

parameters for various values of k and n are found in Table 23. The
extinction exponent attains a maximum value of -3.5 for particles of

radius 0<1um, becomes positive at r, = 0.-5um, and thereafter becomes

g
constant with increasing rg.

An increase in k from 0-01 to 0.1 causes a decrease in the exponent for

extinction for r, = 0.-01ym, O-1uym, and 1:0um, and a decrease in the

g
exponent for absorption for rg = 0-1um and 1-0um. The relative insensi-

tivity of og and op to » at large rg/A is a consequence of the increas-

ing dependence of the coefficients on the geometrical cross-sectional

23




area of the particles.

Table 24 shows a comparison of of and %A for particular size distri-
butions which are generally representative of soil derived aerosols
{81, at A = 1<06um, 3-8um, and 10-6um. Different values of k are
assigned to the distributions at the three wavelengths and are con-
sidered to represent a range of realistic values of k for atmospheric

aerosol at these wavelengths.

The ratio of of (r = 3-8)/0E (» = 10-6) increases with decreasing 'y
values and possesses values of about 10, 5, and 3 for rg = 0-25,

1-0, and 0-5. Extinction at » = 1-06um and 3-8um is nearly identical
for rg = 0-5um and 1-Oum but differs by a factor of about 2-0 at rg =

0-25. Absorption is relatively constant for the three wavelengths at
rg = 0-5um and 1-0um but differs by up to a factor of 5 for the lowest
rg value.

The Influence of Geometric Standard Deviation
Volume Extinction and Absorption Coefficient

Figure 21 shows the effect of geometric standard deviation og on o for
A = 0<55um, 1+06um, 3<8um, and 10+6um, and for a range of rg from
0+005um up to O<lum. The following conclusions can be drawn:
1. og has the largest effect on og for A < 1-06um and for rg < 0- Tum.
2. Increases in op of up to an order of magnitude or greater are
noted for " < 0e1, as % is increased from 1+0 to 2+5, For the larger
particle regime, 0¢25 g_rg < 10um, variation of ag from 1+0 to 20
causes a change in o of not more than a factor of about 3 for the

wavelengths 055um, 1¢06um, 38um, and 10¢6um,

24
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CONCLUSIONS

Wavelength Range 0+55um to 1+06um

OE (n = 1'8)
The ratio of volume extinction coefficient —————— Which
o (n=1°33)

covers the real index range for the majority of atmospheric aerosols has
values up to a factor of 5 for 0-01 g_rg/A < 0-2 in the wavelength range
0-55um to 1-06um for imaginary index k = 0-005. This result is in con-
trast to the nearly constant value of extinction as imaginary index k is
varied from 0-001 to about 0-025 at n = 1-5, 1-7 over the rg/x range
0-01 < rg/k < 0-2.

The extinction coefficient becomes relatively independent of both real
and imaginary index for rg/A > about 0-2 over a wide range of k (0-001
to 2:0) and n (1-4 to 2-5) over a wide range of particle size distri-
butions. Since typical particle size distributions of particles in the
atmosphere possess geometric mean radii rg > 0-0lum, the results suggest
that wide variations in the optical constants over the wavelength range

0-55um to 1:06um do not influence the extinction.

These results emphasize the relative insensitivity of extinction to n
and k for typical particle size distributions measured, and the results
should be carefully considered in connection with current and possible

future measurements of optical constants in the wavelength region up to

25
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at least 1-06um.

The volume absorption coefficient is almost insensitive to variations in
the real refractive index and independent of particle size distribution
for 0-01 5_rg/A < 10 which covers the majority of atmospheric particle

size distribution values of geometric mean radius.

The absorption o increases linearly with imaginary index for k values
from 0-001 up to about 0:01 for rq/k <05 and o < 2+G. This k range

for linearity of an with k is narrowed for increasing :g/k values.

Absorption per unit mass is nearly independent of particle size distri-
bution (within a factor of about 3) for rg/k 5_0-75 and k 5_0-05, ard
decreases as 1/rg for rg/A > 7-0 for k 2_0-05. Typical atmospheric
values of k vary from about 0:005 to 0-10 for the wavelength range 0-55um

to 1-06um,

The extinction per unit mass increases with increasing % for rg/k <

0-5, while the extinction decreases with increasing % for rg/A < 0-5, for
k < 0-1. The extinction of is independent of rq and o within a factor

of about 2 for rg/x < 0-25 for k = 0-5. In addition, of = ]/rg for

rg/k i 05 gver the range 0-005 < k < 0-5,

Wavelength Range 3:-8um to 10:6um
Variations in the real index of refraction n affects significantly the
volume extinction coefficient op and volume absorption coefficient
9p for the wavelength range 3-8um to 10-6um. Extinction is more sen-

sitive to n than k (up to a factor of about 3) for the majority of size

26
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distribution parameters which well represent typically measured atmo-

spheric aerosol values.

The extinction o is well approximated by the following formula:
2
(2n/ng)

= -1
e T %Emax P )77 n gy

where Op max is the extinction at the maximum value of n = Ng» where %n
is the geometric standard deviation of o distributed with respect to n.

This formula holds over a wide range of rg and g for A = 3+8um and 10-6um.

In the regime where extinction is linearly proportional to k, extinction

gg can be written as

Ln (n/ng) 2

- 1i—— 2|71,
O'E = ak exp - 2 on On

where a is a constant.

Extinction is invariant to a relatively wide range of imaginary index

0-001 to 8:0 for rg/x > 0-08 and dg 2 2+0 and fnvariant for k over the

9 > 0-25um and o > 2-0 for both 3-8um and 10-6um. The

rg/A range above covers some of the measured aerosol size distribution

same range for r

geometric mean radif for 3:8um < A < 10-6um. Since the k range 0-001 to
0-5 covers most of the imaginary index values of atmospheric constit-
uents, it is concluded that extinction is insensitive to imaginary index

k for rg values > 0-3um and 0-8um for 3-8um and 10-6um.

The particle sfze distribution is of major importance in determining the

dependence of extinction and absorption on real index n.

27
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The geometric mean radius rg has the largest effect on extinction for

k < 0-1. Extinction is independent of particle size distribution,
within a factor of about 2 for rg/A E 0-15, % < 20, for k = 0°5. The
extinction decreases as 1/rg for rg/X > ~ 0-25 for k < 0.5.

The extinction is reduced by factors of 10, 5, and about 3 at A =
10-6um compared to 3-8 for reasonably representative values of both
atmospheric particle size distributions (rg = 0-25, 1-0, and 0-5,
respectively) and optical constants. For a typical range of rg in the

atmosphere 0:25 < r_ < 10um, an increase in geometric standard deviation

g
from 1-0 to 2-0 has relatively little influence (less than factor of
about 3) on the extinction, while changes in absorption of not more than

a factor of 2 are effected for 0-005 < rg < 10um for the same variation
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APPENDIX

VOLUME EXTINCTION COEFFICIENT FOR A LOGNORMAL DISTRIBUTION
WITH PARTICLE RADIUS r >> WAVELENGTH A.

i 2 ) z‘ (A1)

= N 1 21
n (r) v’i?g,nog rexp’ 2 in o

for a Lognormal distribution

9

Extinction coefficient for r >> A

= 2 °f°° m2  n (r) dr (A=2)
en (r/r) PP
. _ 2t N 1 9 A-3
* 7y o/ r exp )-2 s ‘ (A-3)
9
Volune = 4T ./ r* n(r)dr (A-4)
(en (r/rg) 2
& N r2 -1 31 tar (a5
'Tiz—iznog of exp,z tn og (A-5)
1 [pn(r/rg) 2
= .o/ rexp -'z-lnoq dr
Extinction Coefficient for r >> ) - - (A-6)
o of” 12 exp |- %‘[w r/rg]Z‘d
Ln °g
Examine
en (r/rg) 12
® S 9 L (A-7)
of TEP 7T |Tn o,
This has the form
o/> rexp (-k n2 cr) dr
1 (A-8)

] =
where k = 2__2_;173; and ¢ o
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Let y = g2necr

...r = —uexc and dr = ex 3 d (A-g) i
Therefore Eq. (A-7) becomes §
. 4o
- I exp (2y) exp (-ky?) dy (A-10)
Cc = ]
According to Gradshteyn and Ryzhik [44], integrals of the form :
4o

Joexp (-p2 yZ + qy) dy

have a solution equal to

> forps> o
4p p
Therefore, Eq. (A-10) reduces to
ré /2 &n dg exp (2 an? cg) (A-11)
We now consider
ST 2 exp g’%‘ [2angg]2$ dr (A-12)

This expression is written as

o«

of r? exp [-k en% crldr
using the same constants as in (A-8).
Eq. (A-12) reduces to

1

3 -

;7 exp (3y) exp (-ky?) dy (A-13)

O

which is reducible to the following form:

rg3 /21 4n 9 exp (45 2n? °g) (A-14)

using the integral solution of [39].

; extinction coefficient for r >> 2
Therefore the expression for volume of distribution
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TABLE 1. REAL AND IMAGINARY PART OF THE COMPLEX REFRACTIVE INDEX OF SEVERAL ATMOSPHERIC CONSTITUENTS

T T L Sy g e o e e

T

Constituent
(NHu)z SO, [ref ]2]
(crystalline form)
(NHn.)z SO, [Tef ]3]
3.2 m solution

NaCl ([ref 12]
(crystalline)
NaCl [ref 14]
0.25 m solution

NaCl 0.5 m solution

H20 [ref 151

?uartz [ref 16]
crystalline)
Ordinary ray

Extraordinary ray

25% solution of H,S0,
in water [ref 18]

50% solution of H.SO,
in water [ref 18]

75% solution of H:S0,
in water [ref 18]

Carbon [19, 20, 21, 22]

coals and soots

20% solution of InCl
in water [ref 23]

30% solution of InCl
in water [ref 23]

40% solution of InCl
in water [ref 23)

Limestone [ref 24]

Montworillite [ref 25)

Refractive wavelquth
Index 0.55um to 1.06um 3.0um to 9.0um to 1T.0um
n* 1.52 to 1.55 1.27 to 1.63 0.99 to 2.86
k** Upper llmit of 0.006 to 0.33 0.02 to 2.1
1x10°7
n 1.2 to 1.5 1.3 to 1.65
k - 0.0 to 0.24 0.06 to 0.56
n 1.53 to 1.55 1.52 to 1.51 1.49 to 1,50
k Upper 11m1t of Upper 11mit of 1.0 x 1077 to
1x 1077 1 x 10°7 1.9 x 1077
n Not given 1.325 to 1.475 1.156 to 1.263
k Not given 0.004 to 0,268 0.04 to 0.093
n Not given 1.327 to 1.481 1.162 to 1.265
k Not given 0.000 to 0.262 0.039 to 0.09
n 1.327 to 1.335 1.325 to 1.483 1.153 to 1.262
k 1.0 x 10°° to 0.003 to 0.272 0.04 to 0.097
3.48 x 10°¢
n 1.539 1.412 to 1.48 0.11 to 6.38
k - 0.00001 to 0.00079 0.017 to 7.51
n 1.584 Not given 0.11 to 7.51
k - Not given 0.015 to 6.37
n 1.359 to 1.366 1.324 to 1.4 1.346 to 1.442
k 3.02 x 10-% to 0.028 to 0.193 0.151 to 0.273
2.75 x 10-°
n 1.389 to 1,397 1.329 to 1.379 1.433 to 1.650
k 2,07 x 10=° to
2,09 x 10-¢ 0.076 to 0.141 0.199 to 0.463
n 1.422 to 1.431 1.294 to 1.405 1.589 to 1.947
k 2.07 x 10°° to 0.099 to 9.161 0.271 to 0.711
1.53 x 10~®
n 1.5 to 2.1 1.55 to 2.0 2.0 to 2.45
k 0.015 to 0.65 0.25 to 0.8 0.35 to 1.2
n Not given 1.365 to 1,491 1.207 to 1.302
k Not given 0.012 to 0.256 0.048 to 0.095
n Not given 1.377 to 1.497 1.232 to 1,320
k Not given 0.004 to 0,226 0.041 to 0.092
n Not given 1.402 to 1,506 1.265 to 1.344
k Not given 0.010 to 0.200 0.042 to 0,088
n 1.550 to 1.569 1.467 to 1.543 1.545 to 1.723
k 0.025 to 0.052 0.045 to 0.068 0.169 to 0.201
n Not evaluated 1.37 to 1.42 0.71 to 2.78
(at 5.0um)
k Not evaluated 0.004 to 0.005
{at 5.0um) 0.15 to 2.06

*n = real index.
**k = imaginary index.




TABLE 2.

REAL AND IMAGINARY PART OF THE COMPLEX INDEX OF

REFRACTION OF ATMOSPHERIC PARTICLES, DUST, AND
MARINE AEROSOL.

Constituent

Urban air density = 2.7 g
cm™ 3 ref 26]

Maritime air density = 2.4 ¢
cm~3[ref 26]

Desert aerosol
Cref 281

Urban aerosol
[ref 10]

Urban aerosol density =
2.7 g car3 [ref 27]

Marine aerosol density =
2.4 gn=3 [ref 27]

Desert aerosol assumed
density 2.5 gn~3 [ref 27]

* n = real index

** k = fmaginary index

Wavelength
Refractive 0.55um to 3.0um to 9.0um to
Index 1.06um 5.0um 11.0um
n* Not given Not measured Not measured
k** 0.0049-0.008 Not measured Not measured
n Not measured Not measured Not measured
k 0.00033-0.0011  Not measured Not measured
n Not measured Not measured Not measured
k 0.004-0.10 Not measured Not measured
n 1.485-1.66 Not measured Not measured
k Not measured Not measured Not measured
n Not measured No measurement Not measured
k Not measured 0.104-0,131 0.139-0.365
n Not measured No measurement Not measured
k Not measured 0.075-0,086 0.052-0.081
n Not measured No measurement Not measured
k Not measured 0,028-0.13 0.0025-0,375
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TABLE 3.

RANGE OF MEASURED OPTICAL CONSTANTS OF
SEVERAL ATMOSPHERIC CONSTITUENTS

(Ammonium Sulfate, Sodium Chloride, Water,
Sulfuric Acid Solutions, Acid and 0il
Smokﬁs, Carbon, Quartz, and Atmospheric
Dust

Havelength Range

(um) Real Index Imaginary Index
0-55 to 1.0 1-32 to 2-1 0 to 0-8
3-0 to 5-0 1.2 to 3-1 0 to 1:35
9.0 to 11+0 0-11 to 7-51 0 to 7-51
34




TABLE 4. TYPICAL LOGNORMAL PARAMETERS FOR
MEASURED ATMOSPHERIC AEROSOL

POLYDISPERSIONS
Geometric
Lognormal Geometric Mean Standard
Types of Atmospheric Aerosol Component Radius (um) Deviation
Heavy aerosol 1 0-47 2+2
(mass ~ 10%ugm=3) [ref 7] 2 26-0 1-37
Moderate aerosol 1 0-12 2:41
(mass = 103ugm=3) [ref 7] 2 8-0 20
Light aerosol 1 0-03 2°4
(mass = 10%nugm=3) [ref 33] 2 1°6 16
Fog 1 0-25 2°1
(mass = 5 x 10°%ugm~3) [ref 34] 2 45 165
Heavy Fog 1 0-5 2°5
(mass = 105ugm=3) [ref 34] 2 4+5 18
Rerosol measured 1 0-375 1-25
from aircraft 2 077 1°5
altitude <5 km 3 2°85 125
(mass = 50ugm-3) [ref 35] 4 3:75 15
Maritime aerosol 1 0-05 14
(mass = 30ugm=3) [ref 36] 2 0°133 1-4
3 0-44 17
4 1-50 1-7
5 9:0 16




PARTICLE SIZE DISTRIBUTION PARAMETERS USED
IN THE PLOTS OF EXTINCTION AND ABSORPTION
CCEFFICIENTS, WITH REAL INDEX n (FIGURES

1 TO 8) FOR IMAGINARY INDEX k = 0-01

TABLE 5.

g

Geometric Standard Deviation
ag

Geometric Mean Radius
'q (um)

Wavelength
A(um)

n
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TABLE 7. RANGE OF IMAGINARY INDEX, k, FOR WHICH THE
VOLUME EXTINCTION COEFFICIENT IS CONSTANT
TO WITHIN ABOUT 20% OR LESS

Geometric Standard

g rg/x* Imaginary Index Deviation og
1 —

t ! 0.01 0.001-0.0025 (» = 10,6um only) 2.9
0.01 0.001-0.01 2.0 J
0.01 0.001-0.02 2.5

_ 0.05 0.001-0,005 1.5

& 0.05 0.001-0, 025 2.0

! 0.05 0.001-0.1 (» = 10.6um only) 2.0

0.01 0.001-0.05 1.5

; 0.01 0.001-0.3 2.0

; 0.25 0.001-0.1 1.5

f 0.25 0.001-0. 25 2.0
0.5 o.om-s.oj 1.5 :
0.5 0.001-6.0 2.0 ;»

| 1.0 0.001-6.0" 1.5 4

‘. 1.0 0.001-6.0% 2.0 '

*ppplicable to wavelengths 0.55, 0.694, 1.06, 3.8 and 10.6 micrometers.
+The upper 1imit of the imaginary index is only realistic at 10.6um 4
wavelength.
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TABLE 8. VALUES OF IMAGINARY INDEX ks BELOW WHERE
THE ABSORPTION COEFFICIENT VARIES LIN-
EARLY (WITHIN 20%) WITH IMAGINARY INDEX k
WAVELENGTH = 0-55um; REAL INDEX = 1.55

Geometric Mean Radius Geometric Standard

rg(um) Deviation ag ke
01 1+5 0-1
0°1 2-0 0.025
0-1 2-5 0-01
0-1 3-0 0-005
025 1-5 0-025 3
0°25 2:0 0-01
0°25 2+5 0-005
0-25 30 0-001
0°5 15 0-01
0+5 2:0 0-005
0+5 2+5 0-0025
1-0 1-56 0- 005
10 2:0 0- 0025
1:0 2°25 0- 001
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TABLE 9. VALUES OF IMAGINARY INDEX ke BELOW WHERE -
THE ABSORPTION COEFFICIENT VARIES LINEARLY
(WITHIN 20%) WITH IMAGINARY INDEX k
WAVELENGTH = 1-06um; REAL INDEX = 1-6

e et e et e Ao aacah e

a Geometric Mean Radius Geometric Standard
X! r. (um) Deviation ¢ ke
| g g e
0-1 15 05
0-1 2-0 0+05
. 0-1 2+5 0-01
: 0°1 3-0 0-005
| 0-25 1.5 0-10
0-25 2-0 0-025
,, 0-25 2:5 001
‘, 0-25 3-0 00025
' 05 1-5 0-025
0-5 2:0 0-01 ‘
0'5 2:5 0-005 j
: 1-0 1-5 0005 !
' 10 2-0 0-005 ]
1°0 2- 25 0-001 ;

P

q
{
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TABLE 10. VALUES OF IMAGINARY INDEX k. , ABOVE WHICH
THE ABSORPTION COEFFICIENT IS CONSTANT (TO
WITHIN ABOUT 40%) WITH IMAGINARY INDEX _ .
WAVELENGTH = 0-55um; REAL INDEX = 1-55 ;

[T S -

Geometric Mean Radius Geometric Standard ‘
r, (um) Deviation o ]
g 9 <
01 15 025
0+1 2°0 0-25
01 2°5 0-1
01 30 0-05
025 1-5 0-10
0-25 2°0 0-05
1 0-25 2:5 0-025
0-25 30 0025
- 05 15 0-05 ,
- 05 2:0 0025 ;
g 0-5 2°5 0-025
B 10 145 0-025
1-0 2°0 0:025 ]
10 2°25 0-01

4)




TABLE 11. VALUES OF IMAGINARY INDEX k. ABOVE WHICH
THE ABSORPTION COEFFICIENT IS CONSTANT (T0
WITHIN ABOUT 40%) WITH IMAGINARY INDEX.
WAVELENGTH = 1-06umn; REAL INDEX = 1°6

' Geometric Mean Radius Geometric Standard
: r‘g(um) Deviation (og) ke
0°1 15 1-0
0-1 2°0 0-5
: 0-1 2*5 01
1 0-1 3°0 0-05 )
| 025 145 0- 25 1
0-25 2°0 0-10 i
0-25 2°5 0-05
025 30 0-025
0-5 1-5 01
! 05 2°0 0-05
05 2*5 0-025
. 1-0 15 0-0%
: 1-0 2°0 0-025
1-0 2°25 0-025




TABLE 12. VALUES OF ng*, °n+ WHICH SATISFY THE EQUATION
1 zn(n/ng) 2
9E = Tpmax EXp -7 -_p“n-n— FOR A

SELECTION OF r

ada s e e VR )
ettt s . - - -

g Ogs AND k VALUES AT = 3.8um
|

' A rq g ng I OEmax k
» 3.8 0.05 1.5 0.8 2.25 6.34 x 10°3  0.05
| 3.8 0.05 2.5 5.5 2.15 9.0 x 1072 0.05
3.8 0.1 2.0 6.0 1.925 1.1 x 107! 0.01
3.8 0.1 2.0 6.0 1.925 1.1 x 107! 0.05
3.8 0.5 2.0 2.6 1.9 5.2 x 1072 0.05
3.8 1.0 1.5 2.1 1.43 6.64 x 102  0.05

* Peak extinction occurs at real index n = ng

t 9, is the geometric standard deviation of the n values centered

around n,. ;
g
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TABLE 13. RANGE OF IMAGINARY INDEX k, FOR WHICH THE EXTINCTION
COEFFICIENT IS CONSTANT (TO WITHIN 15%). WAVELENGTH =
3-8um; REAL INDEX n = 1-7

Range of k for Which Geometric Mean Geometric Standard
Extinction is Constant Radius, rg Deviation, og
0-001 to 0°005 0°05 2°0
0-001 to 0-05 0°05 2°5
0-001 to 0-025 0-1 2°0
0°001 to 0015 0-25 1°5
0-001 to 025 0-25 2°0
0-001 to 0°1 0°5 15
0001 to 20 0°5 2°0
0+001 to 10 0-75 15
0+001 to 2°0 075 2°0
0°001 to 2°0 rg 210 9g 2 1°5
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TABLE 15.

RANGE OF IMAGINARY INDEX k FOR WHICH
EXTINCTION COEFFICIENT IS LINEAR (TO

WITHIN 10%) WITH k3 n = 1°7, A = 3-8m

Range of k, for Which

0-001

0-001
0-01
0-05

0-01
0-05
0-25

0-25

*Values of og do not

to

- 0-025 to

to
to
to

to
to
to

to

represent realistic values for atmospheric aerosols.
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TABLE 17. VALUES OF n,, o_, WHICH SATISFY THE EQUATION

g 9

2
Of = Ofmax eXP -1 flﬂﬁﬁ
2 in on

% FOR A SELECTION OF r

, o AND k VALUES AT 1 =
L 10° 6um 9* 9
-

| A rg og Ng ° Emax on K
j 10-6 0-05 20 0-8 4.38 x 1073 2.25 0.1
i; 106 010 2-0 0-8 4.33 x 1073 2.5 0.1
? 06 025 2-0 65 3.73 x 1073 1.9 0.1
; 1006 0+5 2.0 4-35 3.7 x 1073 2.1 0.1
: 10-6 0-75 1-5 5-0 5.27 x 1073 1.625 0.01
] 106 075 15 50 5.27 x 107 165 01
f . 1006 1-0 1-5 4-2 5.6 x 107 1-65 0-1
i | 1006 25 1-5 2-25 2-62 x 1073 1.5 0-1
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TABLE 19. RANGE OF IMAGINARY INDEX k, FOR WHICH THE VOLUME
EXTINCTION COEFFICIENT IS CONSTANT (TO WITHIN 15%)
FOR REAL INDEX n = 1-8, WAVELENGTH A = 10-6um

Range of k for Which. Geometric Mean Geometric Standard
Extinction is Constant Radius rg Deviation ag

0-001 to 0-0025
0-001 to 0035
0-001 to 0-025
0-001 to 025

0-0071 to 0-01
0-001 to 0-1
0-001 to 1-0

oron
NN
L]

NN =
.

0-001 to 0-025
0-001 to O-
0-001 to

0-001 t
0-001 t
0-001 t
t
t

(oo} 00O lefelelo)
* L] . L) . . .

oo,
NN —
L] . L]

oo wm o wm NnoOw;m NnoOoOUnMo

OO OO e B B | oo, NN et —s

0-001
g 0-001
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[T=]
v
NN et ot s
[ L) L)
ViA
JEFREY Y X g
L] . L]

Q

'~}
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TABLE 20. RANGE OF IMAGINARY INDEX k FOR WHICH
EXTINCTION COEFFICIENT IS LINEAR WITHIN
15%, WITH k; FOR n = 18 X = 10°6um,
THE SIZE DISTRIBUTION REPRESENT REALIS-
TIC VALUES FOR ATMOSPHERIC AEROSOLS

E | Range of k, Over Which

x op is Linear with k rg (um) og
' 0-001 to 1-0 0-01 < 25
0-001 to 10 0-05 215

0-01 to 1-0 005 2°0

0-01 to 1-0 0-05 2°5

. 0-001 to 10 01 1°5
i 0-05 to 1°0 0-1 2°0
4 * % % 0-1 2-5
0-025 to 10 0-25 15

0+25 to 10 0-25 2°0

* k ok 0-25 2°5

. 0+25 to 10 05 1°5
2 * %k * 05 2+0
& * ok ok 05 2°5
0-25 to 1-0 0-75 15

* k% 0-75 2°0

* k * 0-75 25

X 1-0 1°5

* k % 10 2°0

* % % r. > 'Ioo g, > ]'5

w
(=]

* * *Denotes the range of k, 0-001 < k < 80 over which o is not linear
with k.
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TABLE 22. VALUES OF EXTINCTION COEFFICIENT op AND ABSORPTION o, IN km=! (FOR PARTICULATE MASS OF 100ug/m®)

2.5

r = 0,01um

AT A = 0.55um, 1.06um, AND 10.6um; k = 0.01, n = 1.7 FOR A RANGE OF VALUES ' AND 9
2.0

1.125*

%

)

%

%

%

A{um)

1.10 x 10-2

4,0 x 10°2
2.59 x 107

r = 0,05um

3.526 x 10-2
4,973 x 1073
2,71 x 107

10-3
10

x 1073
x
X

»60
.88
.87

5
2
2

5.835 x 10-2
2,903 x 10-3
2.87 x W0~

.55
0.6

0
1
1

2.0

1.5

1.125*

1.0*

1.48 x 1072

1.426 x 1071
2.84 x 107"

r = 0.lum

2.0

1.5

1.125%

r = 0.5um

1.5

1.125*

1.0*

1.2 x 10°2

4,0 x 102
4,56 x 1072

1.86 x 1072
9.9 x 1072
3,09 x 107

x 107}
x 107!
x 1074

19
35
19

1
2
5

1.67 x 1072

9.8 x 10-3
3.06 x 107"

.02 x 10-!
.36 x 1072
83 x 107

1
2
4,

0.55
1,06
10.6

r = 1,0um

1.5

1.125*

1.02 x 10-2
7.53 x 103
5.14 x 107

x 1072
x 1072
x 1073

g
=8
(=]
g
w
"
-~

1.5

1.125%

r = 10.0um

1.8

1.125*

1.71 x 1073
1.67 x 1073
1.21 x 1073

*Appropriate for monodisperse or near monodisperse aerosol size distributions only.
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